The mass spectra of bottomonium is computed in the framework of potential nonrelativistic quantum chromodynamics. The potential consists of a static term incorporating Coulombic plus confinement part along with a constant as well as a relativistic correction term classified in powers of the inverse of heavy quark mass O (1/m). The masses of excited bottomonia are constructed by employing spin-hyperfine, spin-orbit and tensor components of one gluon exchange interactions.
I. Introduction
Bottomonium is a bound state of bottom quark and its antiquark, it was first discovered at Fermilab as a bound state of Υ(1S − 3S) in 1977 [1, 2] . 30 years later in 2008, after many experimental attempts spin singlet state η b (1S) was successfully identified by Belle collaboration [3] . Then after η b (2S) was observed by BABAR [4] , CLEO [5] and Belle [6] . The lowest spin singlet P -state 1 1 P 1 was also observed by BABAR [7] . The proton anti-proton colliders have also joined along with Belle, BABAR, CLEO, ATLAS [8] and are expected to produce more precise data. Bottomonium system is known to have nonrelativistic nature and hence can be treated as two body system of heavy quark and antiquark in quantum mechanics. At present, there are 21 experimentally known states of bottomonia, therefore the investigation of the masses of bottomonium states is an interesting and important task. This will allow to single out experimental candidates and would prove to be a powerful tool for understanding the quark anti-quark interaction as expected from quantum chromodynamics (QCD). Comprehensive reviews on the status of theoretical as well as the experimental status of heavy quarkonium physics are found in literature [9] [10] [11] [12] [13] [14] . Certain approaches like lattice QCD [15] , chiral perturbation theory [16] , heavy quark effective field theory [17] , QCD sum rules [18] , NRQCD [19] , dynamical equations based approaches like
Schwinger-Dyson and Bethe-Salpeter equations (BSE) [20] [21] [22] [23] an effective super-symmetric approach [24] and various potential models have tried to explain the phenomena of quark confinement and dynamics of QCD. Along with calculation of mass spectra of any mesonic state, certain decay channels need to be tested as well. Thus, the test for any theoretical model is to reproduce the mass spectra as well as decay properties. Certain relativistic and nonrelativistic potential models have successfully computed mass spectra but were not able to predict the decay properties. This uncertainty provides us inspiration to calculate mass spectra of bb meson. It is difficult to obtain quark-antiquark interaction potential starting from basic principles of QCD making it necessary to account for non-perturbative and nonrelativistic effects considering the complex structure of QCD vacuum. Relativistic effects are very small in case of the bottomonia states, also the binding energy is small in comparison with rest mass energy of the constituents. The theoretical uncertainty in the potential at large and intermediate distances had led to the beginning of potential models [25] [26] [27] [28] [29] [30] [31] . The widely accepted practice to obtain the masses involves choice of nonrelativistic Hamiltonian with a potential and solving the Schrödinger equation numerically [32] . Most common of all potential is the Coulomb plus confinement and it has been supported by static potential computed using lattice QCD simulations that offer powerful tools for the non-perturbative study of QCD. In the present study, in addition to the Coulomb plus confinement potential, a spin dependent relativistic correction term has also been considered. This relativistic correction to the mass has been derived in [33] in the framework of pNRQCD which is an effective field theory, and are usually classified in powers of the inverse of heavy quark mass or velocity. In heavy quarkonia system, there exists a hierarchy m ≫ mv ≫ mv 2 , with m ≫ Λ QCD , Λ QCD is a QCD scale parameter assumed to be of the order of few hundred
MeV. To have better control of such hierarchy one needs to employ effective field theory (EFT) for high precision calculations. Two such EFT's have been used by many authors in past namely nonrelativistic QCD (NRQCD) [19, 34] and potential NRQCD (pNRQCD) [35] . NRQCD was derived by integrating the energy scale above m in QCD, and pNRQCD by integrating further the energy scale above mv in NRQCD. Higher energy contribution is incorporated in effective couplings called the matching coefficients.
Moreover, results in recent years have raised interest in heavy flavor physics [12, 36, 37] both in the region above and below BB threshold to study the strong interaction between hadrons. In the region above BB threshold, the masses beyond 4S are not well resolved, like so called X, Y and Z states that have unusual properties and might turn out be exotic states, mesonic molecules, multi quark or even hybrid states [12] . In this article, we have also tried to emphasize on such states like X(10610), Υ(10860) and Υ(11020) which share same J P C values as some of the states of bottomonium and justify to be one of them. Decay properties of X(10610), Υ(10860) and Υ(11020) can also throw light on their identity. This paper is organized as follows. After introduction, the theoretical framework is given in Section II. In Section III, details of Regge trajectories are given. Section IV deals with γγ and e + e − decay width of  b (nS), Υ (nS) and n 3 P J (J=0,2) states. In Section V, details of some positive and negative parity states of bottomonium as a mixture P -wave and mixed S − D wave states are discussed. In Section VI, details of Electromagnetic transition widths are discussed and finally in Sections VII and VIII, results, discussion and conclusion are presented.
II. Theoretical framework
We consider bottomonia as nonrelativistic system and in order to calculate its mass spectra, the following Hamiltonian is used in present study [38] 
Here, M is the total mass of the system and µ is the reduced mass of the system. Interaction potential V pN RQCD (r) encompasses three terms: a Coulombic term V v (r) (vector), a confinement term V s (scalar) and relativistic correction V p (r) in the framework of pNRQCD [39] .
α s and α c are strong running coupling constants and effective running coupling constant respectively, m b is mass of bottom quark, a and C are potential parameters. In order to obtain mass difference between degenerate mesonic states, we consider spin-dependent part of the usual one gluon exchange potential given by,
Where the spin-spin interaction
and the spin-orbital interaction
with C f = 4 3 , and the tensor interaction
are used to determine the potential parameters ǫ, A, α, σ, C as well as a and their values are given in Table I . Tables II and III , along with latest experimental data and other theoretical approaches and is found to be in good agreement with them.
III. Regge Trajectories
Using calculated radial and orbital excited states masses of bb meson, the Regge trajectories are constructed in (n r , M 2 ) and (J, M 2 ) planes with the principal quarntum number related to n r via relation n r = n − 1 and J is total angular momentum quantum number.
Following equations are used
α, β are the slopes and α 0 , β 0 are the intercepts.
In Figs related to annihilation width of heavy quark anti-quark and this part is calculated in terms of running coupling constant α s (m Q ), evaluated at scale of heavy-quark mass (m Q ), while long-distance factor that contains all non-perturbative effects of QCD is expressed in terms of meson's nonrelativistic wave function or its derivative. Our attempt in this section is to study the γγ and e + e − decay widths based by the NRQCD formalism of S-wave states through next to leading order in ν 4 , also γγ decay width of n 3 P 0 and n 3 P 2 states are also calculated through next to leading order in ν 2 . NRQCD factorization expression for the decay widths of quarkonia is given by [56] Γ(
The short distance coefficients F 's and G's are of the order of α 2 s and α 3 s respectively and are given by [12, 57] 
The matrix elements that contribute to decay rates of S wave states in η Q → γγ and ψ → e + e − through next-to-leading order in v 2 , the vacuum-saturation approximation are given in [58] . Vacuum saturation allows matrix elements of some four fermion operators to be expressed in terms of regularized wave-function parameters given by [58] .
The decay of n 3 P 0 and n 3 P 2 into γγ through next to leading order in ν 2 is expressed as
Short distance coefficients F 's of next-to-leading order in α s are given by [57] ImF γγ (
We have computed ∇ 2 R term as per [59]
Where, ǫ is binding energy and M is the mass of the respective mesonic state. Binding energy is computed as ǫ = M − (2m Q ), α s is the strong running coupling constant, Q is charge of bottom quark, C F = 
V. Mixed bottomonium states
Many hadronic states that are observed but their structure is uncertain may be admixture of nearby iso-parity states. Mass of a mixed state (M nL ) is expressed in terms of two mixing states (nl and n ′ l ′ ) as 
Where,| a 2 | = cos 2 θ and θ is mixing angle. With the help of this equation, we can obtain mixed state configuration and mixing angle [43, 44] . Computed masses and their leptonic decay width of the S − D wave admixture states namely Υ(10.860) (mass in GeV) and Υ(11.020) are presented in Table IX . Admixture of nearby P -waves for predictions of X(10.610) is presented in Table X along with other theoretical calculations as well as available experimentally masses and decay widths [60] [61] [62] [63] . For D-wave states their wave function at origin is defined here as in [64, 65] ,
Here, R ′′ D (0) is the second order derivative of the wave function at origin for D state and ω b is a constant having value 5.11 GeV [65] . Mixed P wave states can be expressed as,
Where, |α , |β are states having same parity. We can write the masses of these states in terms of the predicted masses of pure P wave states ( 3 P 1 and 1 P 1 ) as [60] [61] [62] , 
VI. Electromagnetic transition widths
Electromagnetic transitions can be determined broadly in terms of electric and magnetic multipole expansions and their study can help in understanding the non-perturbative regime of QCD. Here the electromagnetic transitions are calculated in the framework of pNRQCD.
We consider leading order terms i.e. electric (E1) and magnetic (M1) dipoles with selection rules ∆L = ±1 and ∆S = 0 for E1 transitions while ∆L = 0 and ∆S = ±1 for M1
transitions. We employ numerical wave function for computing electromagnetic transition widths for mesonic states in order to test parameters used in the present work. For M1 transition, we restrict our calculations for transitions among S waves only. In nonrelativistic limit, the radiative E1 and M1 transition widths are given by [12, 44, [66] [67] [68] 
where, mean charge content e Q of the QQ system, magnetic dipole moment µ and photon energy ω are given by
respectively. Also, the symmetric statistical factors are given by
and
The matrix element |M if | for E1 and M1 transitions can be written as
The electromagnetic transition widths are listed in Table XI and XII in comparison with experimental results as well as with other theoretical predictions.
VII. Results and Discussion
We have calculated mass spectra of 1S − 6S, 1P − 5P , 1D − 5D and 1F − 2F states of bb meson by solving the Schrödinger equation numerically taking into consideration the coulomb plus linear (Cornell) potential along with relativistic correction to mass in the framework of pNRQCD which is usually classified in powers of the inverse of heavy quark mass or velocity. Confinement strength is fixed by the experimental ground state masses.
In order to obtain mass difference between degenerate mesonic states, we considered spin dependent part of the conventional one gluon exchange potential along with scaling of the potential strength parameter to account for increase in average kinetic energies of the constituent quark and antiquark. The calculated masses are compared with PDG data and also with other models. It can be observed that calculated masses are in good agreement with PDG data. Mass difference between the S wave bb meson 1 1 S 0 -1 3 S 1 is 71 MeV and 2 1 S 0 - and find them to be relatively varying in the range of 0.5 to 1%.
In order to assign experimentally observed highly excited bb meson state to a particular 
VIII. Conclusion
We have computed mass spectra of the bb meson by taking into consideration a relativistic correction in the framework of pNRQCD to the Coulomb plus confinement (Cornell potential). e + e − and γγ decay widths are calculated using the same set of chosen parameters and the obtained reduced wave function. We have also tried to emphasize on bottomonium like X(10610), Υ(10860) and Υ(11020) experimentally observed states as admixtures of n 3 S 1 and n 3 D 1 and n 3 P 1 and n 1 P 1 states respectively and have calculated their e + e − decay width and electromagnetic transition widths as well. Decay properties throw light on identification of these states as admixture states. Also the Regge trajectories are constructed which are helpful for the association of higher excited states obtained into the family of bb meson.
Overall results from the present study are satisfactory when compared with the latest experimental results both for the mass spectra, decays and electromagnetic transitions point of view.
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